The goal of this study was to systematically investigate the ontogeny of lymphoid populations throughout postnatal development. In CD-1 mice, peak lymphocyte numbers occurred in blood on postnatal day 10 (dl0) including those for natural killers (NKI.1), B cells (CD19), T helper (CD3CD4), naive T helper (CD4CD62LpSCD441w), memory T helper (CD4CD62LnegcD44high), and T cytotoxic (CD3CD8) cells. As percent of total lymphocytes, peaks were achieved by d 10 for all T helper subtypes but not B cells which declined to a nadir. In spleen, lymphocyte numbers increased exponentially after d l0. Proportionately, NK and T cells peaked on dl0, declined by d20, and increased 2-3-fold by d45. Naive T cells constituted the majority of lymphocytes during development while memory cells gained to 2.2% (blood) and 12 % (spleen) by d20. C57BL/6 mice had similar profiles except that the B cell nadir and T cell subset peaks were at d5. Peripheralization of critical numbers of lymphocytes by d l0, and importantly, development of a repertoire of memory cells by d20, may define immune response capabilities that close the period of immaturity for the neonate.
INTRODUCTION
Survival is dependent on at least two conditions, the presence of immune and accessory cells (appropriate proportions and numbers), and functional capacity. Specific lymphocyte subsets in circulation and secondary lymphoid organs define host defense capabilities and the status of immune activity (Barclay et al., 1997; Bikoue et al., 1997) . In the human, fewer T cells are present in umbilical blood compared to that in 5-day-old neonates or adults (Pittard et al., 1989; Raes et al., 1993) . Compared to later ages, neonates have lower numbers of T lymphocytes (Pittard et al., 1989; Han et al., 1995) . Newborns have 10 times more naive (CD4CD45RA+) cells than adults (Raes et al., 1993; Han et al., 1995) . However, during
To whom proofs should be sent: S. L. Nehlsen-Cannarella, PhD, Immunology Center, Loma Linda University Medical Center, 11234 Anderson Street, Loma Linda, CA 92354-2870 -Address correspondence and reprint requests to Dr. S. Nehlsen-Cannarella. Department of Pathology, Immunology Center, l1234Anderson St. Room 2578 , Loma Linda, CA, 92354-2870 Fax: (909) 558-0144; e-mail: sncannarella@ahs.llumc.edu infancy (young child) CD4, memory T helpers, CD8, immunoglobulin secreting B cells, and CD5+ B cell numbers are greater than those found in adulthood (Nahmias et al., 1995) . The paucity of differentiated and activated lymphocyte subsets in human neonates suggests immaturity in inflammatory Thl response capabilities in the developing immune system. In spite of these observations, immune system maturation in the human cannot yet be described in terms of immu- nophenotype proportions and numbers due to inadequate data collection during postnatal development.
Several studies in the mouse have focused on immunophenotype maturation but, again, neonatal ages for comparisons are limited. By d35, B cell numbers and immunophenotypes have attained adult levels some 3 weeks in advance of T cells (King et al., 1991) . The percentage of splenocytes (Thy 1.2, CD4, CD5, and CD8) have increased 4-10 fold from d5 to d35 (King et al., 1991) . Similarly in germ free and specific pathogen free mice, adult-like numbers and proportions of T helper, T cytotoxic, and B cells in spleen were achieved between d14 and d21 (Forni et al., 1988) . These last findings raise the possibility that development of the splenic lymphocyte repertoire is not solely driven by pathogens encountered postnatally but may also reflect an innate program of immune cell production. Further, accessory cells are required to provide appropriate signals and humoral support for optimal lymphocyte function, and these two major classes of leukocytes must be able to cooperate in providing optimal host protection.
Assessment of immune system maturity first involves the building of a catalogue of cell types populating various lymphoid compartments, and then the configuration of functional capabilities. Advent of more sensitive flow cytometric methodology and availability of extensive immunophenotyping reagents provided the means to address gaps in the current literature concerning lymphocyte differentiation during the first few postnatal weeks in the mouse. Specifically, the profile of na'fve or memory T helper phenotypes, cells that are recognized as important for alloreactivity and tolerance, have not been studied during the neonatal period in any strain of mouse. Thus, the objective of the present study was to determine the ontogenic pattern (proportions and absolute numbers) of select lymphocyte subsets in blood and spleen from birth to adulthood.
RESULTS

Leukocytes in Blood and Spleen during Development
In CD-1 mice, a dramatic peak was found in number of leukocytes in blood on postnatal day l0 compared to a gradual increase of cells in the spleen by d20. In blood, total leukocyte concentrations peaked at 10 days of age ( Figure 1 , top panel; ANOVA, p<0.05). Cell numbers declined to a nadir by d45 (adulthood), significantly reduced compared to that at birth. In contrast, lymphocyte counts were initially elevated over those at birth by d3 and continued to increase to the peak on dl 0. Subsequently, cell numbers declined to a plateau by d20 that persisted into adulthood. The gain in body weight beyond day 10 was not accompanied by increased concentrations of leukocytes or lymphocytes in blood (Figure 1 , bottom panel inset).
In the spleen, total leukocytes (per whole spleen) increased exponentially beginning on d5 ( Figure 1 Figure 3 , left panels). Relative proportions of CD 19+ cells were high in the newborn (Day 0: blood 90 %, spleen 97 %). Subsequently, the proportions decreased over the first 10 days (blood= 35 %, spleen 78 %). Thereafter in blood, the B cells had increased to a plateau on d20 that persisted through d45; in the spleen, the proportions gradually but significantly decreased by d 10, but had risen again to 88% by d20. Beyond that, proportions decreased to about 60% by d45.
Absolute B cell numbers increased with age in both blood and spleen (ANOVA, p<0.05; Figure 3 , right panels). In blood, B cell numbers presented the first major increase from birth by d4, then continued to increase to a peak on d l0. By d20, cell numbers had decreased to a plateau that persisted through d45. In spleen, the first significant rise from birth occurred on d2, followed by an exponential increase by d20 (90-fold over newborn values), when the numbers plateau into adulthood. Adult-like concentrations of B cells in blood and spleen were achieved by d20, the same numbers observed on d45.
The T lymphocytes (CD3) were studied with respect to their two major subtypes, T helper (CD3CD4) and T cytotoxic (CD3CD8) cells. In blood, the percentage of total T and both subtypes increased to a peak on dl0 (Figure 4 , left top panel). The initial rise in T cells occurred on day 3, predominantly due to expansion of the T helper cell subset (ANOVA, p<0.05); T cytotoxic cells had risen on dl (ANOVA, p<0.05). In the spleen, as well, all T cells peaked on d l0; the initial rise in total T and T cytotoxic cells occurred on d3 and d2, respectively, while T helper cells had increased on d (Figure 4 , left bottom panel). Then the proportion of T cells in blood declined to a nadir on d20, a level not significantly different from that found at d45.
As with percentages, absolute numbers of T and T cell subsets in circulation reached peak numbers at dl0 (ANOVA, p<0.05; Figure 4 , right top panel). Compared to newborns, the initial rise in blood occurred on d3 for all T cells and represented a >50-fold increase. Their numbers declined by d20 to those found in adults. The developmental profiles for T cell proportions and numbers in blood are similar, both peak at 10 days of age. In contrast, the profile of T cell percentages in the spleen peak at d l0, while absolute numbers of T cells increase exponentially from birth.
Within the spleen, exponential increases in absolute numbers of T and T cell subsets continued throughout postnatal development (Figure 4 ; right bottom panel). The initial rise in T helper and T cytotoxic cell numbers was evident on d (ANOVA, p<0.05). Thereafter, T cell numbers increased exponentially with age. Although the greatest rise occurred in T helper cell numbers, the sum of T helper and T cytotoxic cells at each age (except d and d2) was always less than CD3 T cells, suggesting the presence of 6 T cells in both compartments (Bluestone et al., 1991; Tough and Sprent, 1998; Whitherden et al., 1994 Age (days) FIGURE 4 Percent (left panels) and numbers (right panels) of lymphocytes (T, CD3; Th, CD3CD4; Tc/s, CD3CD8) in blood (top panels) and spleen (bottom panels) of CD-1 mice (male and female) at various ages during postnatal development. Data points are the mean_+SE of 6 samples. Construction of pools is described in Figure 1 . Statistical differences (p <0.05) among age groups are indicated by "a" versus dO, "b" versus 0-3 days of age, "c" versus dl0, "d" versus d20 and "e" versus all previous ages (except absolute number of CD3 in blood on d20 versus d3 T helper cells in blood (top panels) and spleen (bottom panels) in CD-1 mice (male and female) during postnatal development. Data points are mean_+SE of 6 samples. Construction of pools is described in Figure 3 .1; note d0-2 were not evaluated. Details of flow cytometric acquisition and analysis are described in Materials and Methods. Statistical differences (p<0.05, df=5) among age groups are indicated by "a" versus d3, "b" versus 10. "c" indicates p<0.05 compared to all previous age groups. For this data set (df-8) (Table I ). The major exception was that, in blood, the nadir for B cells and peak for all T cell subset percentages occurred by d5 rather than d l0. In blood the number of B, T, and T cell subsets showed two peaks, a small peak at d5 and a greater peak at d20 (data not shown).
In the spleen, the C57BL/6 mice had T cell profiles similar to CD-1 mice, but the age-related differences in B and NK cells were not observed. (Forni et al., 1988) . This may indicate that much of the force driving development of the immune system is derived from exposure to alloantigens encountered in utero (Claas et al., 1988; Piotrowski and Croy, 1996) rather than postnatal exposure to pathogens. Unfortunately, in the study of Forni et al. (1988) , T helper cell differentiation was not assessed, and therefore it is not known whether memory T helper cell numbers increase in absence of xenogeneic challenge. In the present study, memory T helper cells differentiate before d20 (accounting for 12% of all T helper cells; Figure 5) The observation that a full complement of lymphocytes is established by weaning seemingly contrasts with previous reports. King et al. (1991) have reported that splenic B and T cell subsets only gradually attain adult proportions over the first 35 postnatal days, implying that the young host might be sub-optimally protected between weaning (d20) and d35. At first glance, their report appears to differ from ours (we found a sharp increase in T cell proportions within the first ten days). While a direct comparison with their study was not possible (they analyzed cells relative to total leukocytes rather than lymphocytes), analysis of our data with their methodology revealed that only a gradual rise in T helper cells from birth to adulthood could be demonstrated. Thus, profiles of the two studies are congruent. These data, measured as proportions of total lymphocytes and absolute numbers, indicate and support other reports (Gabor et al., 1997; Modigliani et al., 1994) , that thymic exportation of T cells exponentially increases between d3 and dl0. The increase in spleen cellularity during the neonatal period, therefore, is primarily due to thymic exportation rather than in situ proliferation (Modigliani et al., 1994) . Evidence collectively supports the hypothesis that an increase in rate and amplitude of thymic exportation during the first 2 weeks is a critical step in establishing a mature cellular immune system.
DISCUSSION
Lymphocytic population of splenic compartments appears to continue beyond the neonatal period. Using transgenic cells, Thanchot and Rocha (1997) traced a continuous exportation of naive T helper cells into splenic compartments well into adulthood. Yet emigration in the adult was maintained at substantially lower levels than in neonates. Continued exportation of T cells to the periphery beyond d20 is required for maintenance of immunological memory (De Albuquerque et al., 1994) . Profiles of T helper subsets in the current study are consistent with these observations; naive T cell proportions in blood and spleen are antecedent to increases in memory cells ( Figure 5 ; left panels). Therefore our data confirm and further define the dynamics of lymphocyte trafficking from primary to secondary lymphoid organs, particularly in the critical first few days postpartum.
To understand the significance of neonatal cell trafficking and the potential impact of establishing specific immune cell populations on the ability of a host to defend itself, proportions and numbers of each population were considered together. T cell profiles in spleen reveal a bimodal distribution. The first peak, occurring before d20, is a result of thymic output without peripheral expansion (cell trafficking, seen in the blood profile) and is a pool of peripheral T cells representing a diversity of available repertoires (Modigliani et al., 1994) . However, the second peak, noted after d20, indicates that continued immigration is accompanied by significant clonal expansion (De Albuquerque et al., 1994 (Beck et al., 1994 
MATERIALS AND METHODS
Animals
Timed-pregnant CD-1 mice, a random-bred strain, and timed pregnant C57BL/6 mice, an inbred strain, were purchased from Charles River Laboratories (Wilmington, MA) alad Jackson Laboratories, Bar Harbor, ME) respectively. The evaluation was performed on the progeny. All mice were housed individually in small plastic cages with microfilters and wood bedding. The mice in cages were maintained in microflo ventilated racks (Allentown Caging Equipment, NJ) in the same room on a 12/12-hour light/dark cycle. The pregnant animals were fed high protein diet, Harlan Teklad 7004/S-2335, (Harlan Teklad, Wisconsin) . Compared to the diversity of immune responses expected from the CD-1 mice, adult C57B 1/6 mice predominantly express T helper 1 immune responses as evidenced by rapid rejection of male skin isografts by females (Gasser and Silvers, 1971) , strong reaction to PHA-stimulation (Hellman and Fowler, 1972) and resistance to both anaphylactic shock (Treadwell, 1969) and Leishmania major infection (Krishnan et al., 1996a; Krishnan et al., 1996b Mosier and Cohen (1975) , T cell proliferative activity in response to mitogens (PHA and ConA) and alloantigens does not mature before the third week after birth. Proliferative responses by splenic T and B cells are also not fully developed until 3-4 weeks of age. Capacity for T cell-dependent antibody production is delayed to 6 weeks of age while cytokine production is not mature until d45 (Adkins et al., 1993) .
Immunophenotyping
Lymphocyte preparations were stained with fluorochrome-labeled monoclonal antibodies for acquisition and analysis by flow cytometry using standard laboratory practice (Raes et al., 1993; Beck et al., 1994; Patrick et al., 1984; and Bray and Landy, 1989 61.3, 60.1, 80.7, 85.1, 73.3, 85.0, 90.1, 83.4, 91.7% for blood and 78.5, 79.1, 90.1, 84.7, 78.3, 63.8, 76.0, 76.1, 86 .3% for splenocyte samples at ages 0, 1, 2, 3, 4, 5, 10, 20, and 45 days, respectively. This normalization allowed for the exclusion of debris, other non-lymphoid cells (mainly monocytes) and 3'a T cells found in the analysis gate.
The consistency of results using this normalization was empirically tested by decreasing lymphocyte purity in whole blood analysis of samples from other age groups not requiring normalization; this test revealed a coefficient of assay variation of 1.4%. Normalization was not required for proportions of T helper cells analyzed for CD62L and CD44 expression.
Absolute numbers of each population were generated from white blood cell counts (WBC). Unmodified lymphocyte percentage, i.e., sum of percentages of CD19, CD3 and NK cells relative to total leukocytes and the proportion of CD3, CD3CD4, CD3CD8, NKI.1, CD19 subsets, relative to all lymphocytes. Absolute numbers of T helper cells analyzed for expression of CD62L and CD44 were generated using the leukocyte counts and the percentage of CD3CD4 cells relative to all leukocytes. Cell numbers in spleens were expressed as cells per whole organ (not per gram tissue weight) so as to illustrate the significant increase in total cells accumulating in this secondary lymphoid organ.
